Observations from the EISCAT VHF incoherent scatter radar system in northern Norway, during a run of the common programme CP-4, reveal a series of polewardpropagating F-region electron density enhancements in the pre-noon sector on 23 November 1999. These plasma density features, which are observed under conditions of a strongly southward interplanetary magnetic field, exhibit a recurrence rate of under 10 min and appear to emanate from the vicinity of the open/closed field-line boundary from where they travel into the polar cap; this is suggestive of their being an ionospheric response to transient reconnection at the dayside magnetopause (flux transfer events). Simultaneous with the density structures detected by the VHF radar, polewardmoving radar auroral forms (PMRAFs) are observed by the Finland HF coherent scatter radar. It is thought that PMRAFs, which are commonly observed near local noon by HF radars, are also related to flux transfer events, although the specific mechanism for the generation of the field-aligned irregularities within such features is not well understood. The HF observations suggest, that for much of their existence, the PMRAFs trace fossil signatures of transient reconnection rather than revealing the footprint of active reconnection itself; this is evidenced not least by the fact that the PMRAFs become narrower in spectral width as they evolve away from the region of more classical, broad cusp scatter in which they originate. Interpretation of the HF observations with reference to the plasma parameters diagnosed by the incoherent scatter radar suggests that as the PMRAFs migrate away from the reconnection site and across the polar cap, entrained in the ambient antisunward flow, the irregularities therein are generated by the presence of gradients in the electron density, with these gradients having been formed through structuring of the ionosphere in the cusp region in response to transient reconnection.
Introduction
The first observational evidence for impulsive, transient reconnection at the dayside magnetopause was presented by Haerendel et al. (1978) , based on HEOS-2 satellite measurements, and Russell and Elphic (1978; , using observations from the ISEE-1 and -2 spacecraft. The latter authors coined the term flux transfer event (FTE) to describe an individual reconnection pulse. Subsequent investigation of spacecraft observations near the magnetopause has revealed that FTEs -generally identified by a characteristic bipolar signature in the boundary-normal component of the magnetic field, accompanied by an increase in the total field magnitude -occur most commonly under conditions when the Z component of the magnetic field measured in the interplanetary medium is southward (e.g. Rijnbeek et al., 1984; Kuo et al., 1995; Kawano and Russell, 1997) and have a mean recurrence rate of 7 to 8 min (Rijnbeek et al., 1984; Lockwood and Wild, 1993; Kuo et al., 1995) . Even though there is substantial evidence supporting the idea that FTEs are the signature of transient reconnection, there is still considerable debate concerning the relative contributions of bursty and quasi-steady state reconnection to dayside coupling of the interplanetary and terrestrial magnetic fields.
Signatures of reconnection at the magnetopause map into spatially confined regions of the dayside ionosphere. It was, however, several years after their initial identification by spacecraft before such ground-based signatures of FTEs were reported, the first being by van Eyken et al. (1984) and Goertz et al. (1985) . Since this early work, a multi- tude of further observations of the ground-based signatures of impulsive reconnection have been published. These include many observations by the HF coherent scatter radars of the Super Dual Auroral Radar Network (SuperDARN) of dayside transients, which generally exhibit an antisunward motion. Dependant on their exact characteristics, and crucially, the parameter in which they are identified, these ionospheric transients have been termed flow channel events (FCEs) (Pinnock et al., 1993; 1995; Neudegg et al., 1999; , pulsed ionospheric flows (PIFs) (Provan et al., 1998; Provan and Yeoman, 1999; McWilliams et al., 2000) or poleward-moving radar auroral forms (PMRAFs) (Wild et al., 2001 ). However, it has become increasingly evident that these three so-called forms of dayside transients are in fact very much related, and in some cases actually describe the same phenomena; this is discussed by Wild et al. (2001) and in more detail later in the present paper. Such dayside transients observed by HF radar have been found to exhibit a repetition rate comparable to that of FTEs observed at the magnetopause (Provan et al., 1998; McWilliams et al., 2000) and have been observed in conjunction with cusp ion steps detected by low altitude spacecraft by Yeoman et al. (1997) and optical signatures termed poleward-moving auroral forms (PMAFs) (Milan et al., 1999; ; both cusp ion steps (e.g. Lockwood and Smith, 1992; and PMAFs (e.g. Sandholt et al., 1992; Fasel, 1995) are also acknowledged signatures of FTEs. Although it is thought that these dayside HF transients are indeed a radar signature of impulsive reconnection, only Neudegg et al. (1999; and Wild et al. (2001) have demonstrated this definitively. Neudegg et al. (1999; present such transients observed in conjunction with the characteristic magnetic signatures of FTEs detected conjugately at the magnetopause by the Equator-S spacecraft, while Wild et al. (2001) report their observation in association with conjugate magnetopause signatures detected by the recently launched Cluster satellites. At F-region altitudes, HF coherent scatter is from fieldaligned irregularities created by either the gradient drift instability or the current convective instability; a comprehensive description of these instability mechanisms is documented by Tsunoda (1988) and references therein. The gradient drift or E × B instability is generated in the presence of a gradient in electron density in a direction perpendicular to the magnetic field direction B, with an applied electric field E with a component along that gradient. The current convective instability is similar in nature to the gradient drift instability but grows in the presence of a field-aligned current. It is well known that the motion of F-region irregularities is determined by the ambient plasma convection (see Davies et al., 2000 , and references therein).
The instability mechanism responsible for the generation of irregularities within the HF transients observed on the dayside in response to FTEs, and hence, their exact relationship to the processes of particle precipitation and electric field modification arising in the cusp region due to reconnection at the magnetopause, is not well understood. Yet this is critical in unlocking the full potential of ionospheric measurements as diagnostics of magnetospheric processes. In the current work, EISCAT VHF observations of plasma conditions in the vicinity of such HF features, the latter detected by the CUT-LASS Finland radar of the SuperDARN network, provides an ideal opportunity to help resolve this question.
Experimental arrangement
An extended run of the EISCAT VHF common programme-4 (CP-4) mode commenced at 10:00 universal time (UT) on 22 November 1999 and continued until 16:00 UT on 24 November 1999. In CP-4, the VHF incoherent scatter radar at Tromsø in northern Norway (e.g. Rishbeth and van Eyken, 1993 ) is operated in a split-beam mode with one beam (beam 2) directed along the radar boresight, which corresponds to a geographic azimuth of 359.5 • , and the other (beam 1) phased 14.5 • west to an azimuth of 345.0 • ; both beams are at an elevation of 30 • . Long pulse and power profile codes are transmitted, the former providing estimates of plasma concentration, ion and electron temperatures and line-of-sight ion velocity over 20 gates along each beam, with a total altitude coverage of some 280 to 1050 km. The power profile pulse scheme yields raw electron density measurements at a range resolution of 4.5 km, over 83 gates from 80 to 280 km altitude. Observations from both the long pulse and power profile codes from the November 1999 run of CP-4 have been analysed at a temporal resolution of 10 s.
During the CP-4 run, both the Finland and Iceland East radars of the CUTLASS HF coherent scatter system, situated at Hankasalmi in Finland and Pykkvibaer in Iceland, respectively, were operating in the standard mode (e.g. Milan et al., 1997) . This mode involves sounding sequentially on all 16 beams (numbered clockwise 0 to 15), with a dwell time on each beam of 7 s, giving a full scan of backscatter with an azimuthal coverage of over 50 • every 2 min. Seventy-five range gates of length 45 km (numbered 0 to 74) are sampled along each beam, with the range of the first gate from the radar itself being 180 km. Transmission of a multi-pulse scheme, comprising seven sub-pulses, allows for the power and spectral width of the returned signal -backscattered from the field-aligned irregularities of decametre order wavelength to which the radars are sensitive -to be estimated by a functional fit to the decorrelation of the auto-correlation function (ACF) within each range cell. The line-of-sight Doppler velocity of the irregularities is determined by a least-squares fit to the phase of the complex value of the ACF. Figure 1 presents a map depicting the fields-of-view of the CUTLASS Finland and Iceland East radars; beams 7 and 11 of the CUTLASS Finland are indicated explicitly. Also illustrated by thick broken lines are the two beams of the EIS-CAT VHF radar, from the lowest range gate of power profile observation to the uppermost long pulse gate. The large filled circles represent the locations of the radars themselves; the cross within a circle denotes the geographic pole and the magnetic pole is indicated by the small filled circle. Figure 2 presents observations of the interplanetary magnetic field (IMF) from the magnetic field instruments onboard the Wind and ACE spacecraft, lagged to represent the interval 06:45 to 09:45 UT on 23 November 1999 at the subsolar magnetopause. The three panels of this figure illustrate, from the top, the X, Y and Z components of the interplanetary magnetic field, in nT, in geocentric solar magnetic (GSM) coordinates from both the ACE (thick line) and Wind spacecraft (thin line). The time resolution of the magnetic field data from ACE is 16 s and from Wind, near 90 s. ACE remains situated in the vicinity of the Lagrangian (L1) libration point, some 220 Earth radii (R E ) upstream of the Earth, while during the interval presented the Wind satellite travelled from an X, Y , Z position in GSM coordinates of (−11.0, −62.7, 28.6 R E ) to the position (−10.3, −59.9, 33.9 R E ); this places Wind well outside the predicted location of the bowshock. As noted previously, observations have been lagged to account for the time taken by the solar wind, with embedded IMF, observed at the spacecraft to impinge upon the subsolar magnetopause, following the work of Khan and Cowley (1999) . A time delay of 53 min has been applied to the magnetometer observations from the ACE satellite; for Wind, however, the corresponding delay is less than one minute. Observations from the two spacecraft become highly consistent once appropriate time delays are applied.
Observations

Spacecraft observations of the IMF
From 06:45 to 07:10 UT, the Z component of the IMF (B Z ) increases rapidly in a southward (negative) direction from near zero to a value of around −7 nT. B Z remains consistently at this level until 08:30 UT, before reducing slowly to −5 nT over the remainder of the interval. The Y component of the IMF (B Y ,) is continuously duskward (positive) throughout the interval of interest, decreasing from its initial value of 8 nT to 3 nT at 07:10 UT before gradually increasing back to its original level. The X component of the IMF (B X ) is initially directed towards the Earth (negative) but with a value of only around −1 nT. Subsequent to a reversal some 5 min later, B X remains directed away from the Earth (positive), with a typical value of 4 nT. Although not shown, the solar wind dynamic pressure derived from the plasma experiments onboard these two spacecraft are also highly consistent during this interval, both revealing a fairly constant pressure of some 2 nPa throughout. Such a strongly southward orientation of the IMF would be expected to facilitate reconnection, be it impulsive or continuous, near the subsolar magnetopause, driving twincell convection of the high-latitude plasma (see Cowley and Lockwood, 1992 , and references therein). The magnetic tension force exerted on the newly open field lines by the large duskward component of the IMF -the well-known Svalgaard-Mansurov effect (Svalgaard, 1973) -would be likely to produce an asymmetry in the convection pattern such that a significant dawnward azimuthal flow component is introduced into the otherwise antisunward flow on the dayside (e.g. Cowley and Lockwood, 1992) . are presented as a function of range gate. Positive and negative velocities represent motion of irregularities towards and away from the radar, respectively, although a suitable scale has been adopted to reflect the fact that the vast majority of velocities observed by the Finland radar within this interval are actually away from the radar. The velocities of returns attributed to ground scatter, identified through a combination of narrow spectral width and low Doppler velocity, are indicated in grey. The magnetic latitude coverage of the observations shown is approximately 60 to 90 • and 60 to 84 • for beams 7 and 11, respectively. It should be noted that Altitude Adjusted Corrected Geomagnetic (AACGM) coordinates are used throughout (Baker and Wing, 1989 ).
CUTLASS HF observations
There are two main regions of ionospheric scatter, which have been marked 1 and 2 on the upper panels of Fig. 3 , which present the backscattered power observations. The region of scatter marked region 1 is evident on both beam 7 and beam 11 from approx. 07:00 to 08:00 UT and between range gates 15 and 60. After an initial rapid expansion along the beams, the region of scatter tends to move towards the radar. Examination of observations from the entire field-ofview of the Finland radar shows the development of a region of HF scatter, initially in the easternmost beams, which then expands westward to cover an extensive portion of the radar field-of-view; this accounts for scatter being observed on beam 11, some 10 minutes earlier than it is seen on the more westward beam 7. The region of ionospheric scatter then contracts and is replaced by ground scatter. The irregularities within region 1 appear subdivided, roughly according to latitude, into two distinct populations, with the more poleward scatter characterised by high and variable line-ofsight drift velocities and wide spectra, and that at lower lati- tudes exhibiting lower and more uniform velocities and narrower spectra. Throughout region 1, velocities are directed predominately away from the radar, suggestive of a poleward flow component. There is evidence in both beams that the backscattered power within the poleward (high spectral width) part of region 1 is modulated, with bands of relatively high power, over 30 dB, between which the power is reduced. The poleward part of region 1 also shows evidence of periodic fluctuations in the irregularity drift velocity; however, these features are rather more clear in beam 11. There is evidence that both these patches of enhanced power and velocity propagate along the beam away from the radar. The movement of the transients away from the radar, particularly on beam 7, which is directed closely towards the magnetic pole, implies a poleward component to their motion.
The second region of ionospheric scatter, marked as region 2 on the backscattered power observations, is again evident in both beams but at further range gates than region 1. On beam 7, this patch of scatter is observed between 08:00 and 09:00 UT from range gate 45 to 65; on beam 11, the scatter is observed over a longer duration, from around 07:20 to 09:20 UT and at most range gates beyond 45. As in the poleward portion of the region 1 scatter, the spectral power is modulated and the power transients propagate away from the radar, implying a poleward motion. However, unlike in region 1, there is virtually no modulation in the line-ofsight irregularity drift velocity associated with that observed in the spectral power, with antisunward velocities over the whole region typically within the range 300 to 600 m s −1 . The widths of the coherent scatter spectra within region 2 are generally low, less than 100 m s −1 , except at its equatorward boundary, where the spectra tend to be somewhat broadened. Some, but not all, of these broader spectra, although classified as of ionospheric origin, contain a large, near zero velocity component, implying that they contain elements of both ground and ionospheric scatter. These echoes, which should not be interpreted literally in a geophysical context, tend to show drift towards the radar, in contrast to the dominant direction of flow, and are interspersed by ground scatter. It is worth stating explicitly that whereas the transients within region 2 are associated with narrow spectral widths, this is in marked contrast to the high spectral width scatter in the poleward portion of region 1 where transients are observed.
EISCAT VHF observations
Observations from beam 1 of the EISCAT VHF radar during the interval 06:45 to 09:45 UT on 23 November 1999 are presented in the two uppermost panels of Fig. 4 . The top panel of this figure illustrates electron density measurements as a function of AACGM latitude; electron densities below 70.5 • magnetic latitude -equivalent to 280 km altitude -are derived from the power profile, whereas densities above this latitude are provided by the long pulse scheme. The central panel presents long pulse estimates of ion temperature, again from beam 1 of the VHF radar.
After 07:45 UT, a series of enhancements in F-region electron density are observed by the EISCAT VHF radar, propagating away from the radar, thus poleward. The electron density within these features exhibits up to a tenfold increase over that outside, and the lowest latitude at which successive features are observed tends to migrate equatorwards. The density within the features does, however, tend to reduce markedly as they propagate to higher latitudes, although the quality of the observations can be seen to deteriorate with increasing range from the radar as the signal-to-noise ratio reduces. It must be remembered that an increase in latitude also implies an increase in altitude, so this does not necessarily indicate the limit of their extent, perhaps revealing instead their vertical structure. It is, in fact, demonstrated later that these features do propagate far poleward of where they cease to be observed by the VHF radar. Although observations from beam 1 of the EISCAT VHF radar are presented, as this beam is aligned in azimuth approximately along beam 7 of the CUTLASS Finland radar, similar structure is also evident in the boresight beam, beam 2. Although the same feature can be unambiguously identified in both beams, it appears several minutes earlier in a given range gate on beam 2, suggesting a westward component to its motion.
The F-region electron density structures appear to emanate from the poleward edge of a moving band of elevated Fregion ion temperature, the latter revealed by the VHF long pulse observations and within which there is a significant degree of structuring. The region of elevated ion temperature progresses equatorward until near 08:30 UT, when only its poleward edge is visible in the VHF observations. Just prior to 09:00 UT, the region of enhanced ion temperatures suddenly reappears in the radar field-of-view, and then proceeds in a poleward direction over the remainder of the interval; this will be discussed in Sect. 4.2. Such enhanced ion temperatures are a consequence of ion frictional heating, resulting from differential flow between the ion and neutral populations in the ionospheric F-region (e.g. Schunk et al., 1975; StMaurice and Schunk, 1979; St-Maurice and Hanson, 1982) . At high-latitudes, such relative velocity is most commonly generated by enhancements in the ion flow in response to an imposed electric field; the ion velocity responds on far shorter time scales than the neutral flow, although the prevailing sense of the neutral drift will influence the extent of frictional heating (St-Maurice and Hanson, 1982; Davies et al., 1997; . That the band of high F-region ion temperature corresponds to a region of substantially enhanced velocity is confirmed by invoking a beam swinging technique, combining the line-of-sight ion velocities from corresponding magnetic latitudes along both beams of the VHF radar (not shown). Of course it should be remembered that this technique requires the vector velocity to be constant between the two beams and if this is not the case, spurious flows may be introduced, particularly in circumstances such as these where a large flow shear exists (Lockwood et al., 1988) . Nevertheless, the beam swung plasma velocities in this case reveal that the enhanced ion temperatures correspond to large westward flows, which are, in fact, consistent with observations presented in Sect. 4.1.
CANOPUS magnetometer observations
Although reconnection at the magnetopause is a primary influence on the dayside ionosphere, this is not to say that nightside processes have no effect on the dayside. The effect of substorm processes on the present observations are discussed later in Sect. 4.2, specifically with reference to the interpretation of the EISCAT observations. To this end, magnetometer observations from the nightside are presented here. The lower panel of Fig. 4 illustrates the X (north-south) component, in nanoTeslas, of the ground magnetic signature from the Fort Smith magnetometer of the CANOPUS chain. For presentational purposes, the diurnal mean has been subtracted from the absolute values of this component of the magnetic field. The Fort Smith magnetometer station is situated at a magnetic latitude of 67.8 • N and at −55.76 • E magnetic longitude. Near 08:00 UT, which corresponds to a magnetic local time (MLT) of roughly 24:00 MLT, there is a marked negative perturbation in the X component of the ground magnetic field, by some 400 nT. This is associated with an enhancement in the westward electrojet current at the onset of the substorm expansion phase, and follows some 90 min during which no activity was observed on the nightside. Following the first expansion phase onset, there is evidence of further substorm activations. Examination of the X and Z (vertical) components from all of the CANOPUS stations reveals that the maximum enhancement in the substorm-associated westward electrojet current occurs at around 22:30 MLT near 70 • magnetic latitude. This corresponds to a location slightly poleward and westward of the Fort Smith magnetometer station, from which data are shown.
Discussion
CUTLASS HF observations
The region of HF ionospheric scatter marked as region 1 in Fig. 3 (see Sect. 3.2) is considered first. It is suggested that the poleward portion of this region of scatter, which as mentioned previously displays high but variable drift velocities and wide spectra, corresponds to the footprint of active magnetic reconnection at the dayside magnetopause, i.e. the ionospheric projection of the cusp. A predisposition for high spectral width HF backscatter within the cusp region has been demonstrated by authors, including Baker et al. (1990; 1995) , Pinnock et al. (1995) and André et al. (1999; 2000a; 2000b) ; in fact, as discussed by Baker et al. (1995) , the observation of strong velocity turbulence in the cusp is not unique to HF radars, since it has also been revealed by loworbiting satellites. The reason for this is not yet entirely clear, although André et al. (1999; 2000a) have proposed that wide HF spectra in the cusp may be due to the effect of a time-varying electric field in the 0.1 to 5.0 Hz (Pc1/Pc2) wave band. Alternative mechanisms for the broadening of cusp spectra, dependent on the presence of small-scale spatial structures within the flow pattern, have also been suggested (Schiffler et al., 1997; André et al., 2000b; Huber and Sofko, 2000) . Irrespective of the precise physical mechanism responsible for the spectral broadening, the widths of the spectra identified here as resulting from cusp scatter, typically between 200 and 400 m s −1 , are found to be broadly consistent with those reported by such authors as and Pinnock et al. (1995) , although as detailed by Baker et al. (1995) , the concept of spectral width is less meaningful in the cusp region as the spectra tend to be comprised of multiple components. Assuming the region of wide spectra to be representative of the cusp, the region of scatter directly equatorward of this -characterised by narrower spectral width ionospheric scatter with lower and more uniform irregularity drift velocities -will map to closed field lines, with the boundary between the two regimes signifying the open-closed field-line boundary (OCFLB). Previous authors have identified this boundary between high and low spectral width HF scatter on the dayside as providing a reasonable proxy for the OCFLB (e.g. Baker et al., 1995; Milan et al. 1999; Milan and Lester 2001; Moen et al. 2001) .
The poleward-propagating enhanced backscatter power features within the poleward part of region 1 and the region 2 scatter (see Sect. 3.2), and the poleward-moving velocity features observed within the former region only, are reminiscent of a number of previous observations of dayside transients by HF radars, which have been suggested to be the signatures of FTEs at the magnetopause. However, it is important here to attempt to clarify the nomenclature that has been used in previous publications for dayside transients observed by HF radars, and to justify the terminology adopted in this paper. As noted in the Introduction, three terms to describe such features are in current usage: flow channel events (FECs) (Pinnock et al., 1993 Neudegg et al., 1999 Neudegg et al., , 2000 , pulsed ionospheric flows (PIFs) (Provan et al., 1998; Provan and Yeoman, 1999; McWilliams et al., 2000) and polewardmoving radar auroral forms (PMRAFs) (Wild et al., 2001 ). FCEs and PIFs, as their names suggest, describe bursts of enhanced flow in a background of slower-moving plasma. The flow within these features exhibits an enhanced poleward component and in the majority of the cases, the features themselves are seen to progress in an antisunward direction. The difference between these two terms is simply that FCEs were identified by their spatial characteristics, whereas PIFs were identified from their temporal evolution. It is unfortunate that in some publications, the term PIF has been used to describe a discrete poleward-propagating region of high velocity backscatter, such that adjacent PIFs are separated by a region in which there is an absence of HF scatter denoting a returned power lower than the noise level. In the case of such HF radar observations, it is impossible to determine whether the flow is itself pulsed or the pulsing is merely in the observations. In fact, this ambiguity was part of the reason for the introduction of the term PMRAF, which simply describes a poleward-moving transient observed in backscattered power.
The present observations are unlike many of those previously published in which each transient tends to comprise an isolated region of scatter. In this case, the backscatter power between each transient is reduced, but not to such an extent that the scatter is completely lost. The cusp scatter of region 1 shows poleward-moving structures in both the returned power and the line-of-sight irregularity drift velocity; the former is consistent with what has been termed PMRAFs and the latter, PIFs. In the region 2 scatter, there is no evidence of pulsing in the flow such that only PMRAFs are observed within this region. Although the individual transients are not very well defined, due to relatively low temporal resolution of observations along a single beam (120 s), their recurrence rate appears to be of the order of 10 min, a figure that is similar in all beams over which the region 2 scatter is observed. This value concurs well with previous studies of HF transients (Provan et al., 1998; McWilliams et al., 2000) and, indeed, the repetition rate of FTEs observed at the magnetopause (Rijnbeek et al., 1984; Lockwood and Wild, 1993; Kuo et al., 1995) . Their occurrence, under conditions of a southward oriented IMF, is also consistent with previously documented studies of HF transients (e.g. McWilliams et al., 2000) and FTEs (e.g. Rijnbeek et al., 1984; Kuo et al., 1995; Kawano and Russell, 1997) . Figure 5a presents spatial maps of line-of-sight irregularity drift velocity (upper panel) and spectral width (lower panel) from the CUTLASS Finland (left-hand panels) and Iceland East radars (right-hand panels) for the two-minute scan starting at 07:34 UT; Fig. 5b presents maps, in an identical format, for the scan starting at 08:10 UT. Maps are plotted in magnetic latitude and MLT coordinates, with radial dotted lines marking MLT meridians (12:00 MLT vertically upwards) and concentric dotted circles representing magnetic latitudes of 60, 70 and 80 • . As in Fig. 3 , positive (blue) drift velocities are those directed towards the radar, although it must be noted that in contrast to Fig. 3 , the velocity scale in ure. The potential pattern is derived from the line-of-sight velocities of all available Northern Hemisphere SuperDARN radars, using the spherical harmonic potential fitting technique developed by Ruohoniemi and Baker (1998) . In this case, the fit has been expanded to an order 8, constrained at its equatorward edge to a magnetic latitude of 60 • . Calculation of the potential pattern is stabilised by the statistical model of Ruohoniemi and Greenwald (1996) , for the prevailing IMF conditions. Observations from the entire field-of-view of the Finland radar for the scan starting at 07:34 UT (Fig. 5a ) reveal the full spatial extent of the region 1 scatter at that time, covering from 65 to 75 • in magnetic latitude and some two hours of MLT. The high spectral widths measured by the Finland radar in the poleward portion of region 1 -characteristic of the cusp -are also present roughly in the same location by the Iceland East observations. Moreover, the Iceland East observations from 08:10 UT, presented in Fig. 5b , confirm that this region of wide spectra still exists even when it has been obscured by ground scatter in the Finland field-ofview. Both of the scans show twin cell convection, typical of that which would be expected under the conditions of a strongly southward IMF present during this interval in response to reconnection at the subsolar magnetopause (Cowley and . The large, positive B Y produces, via the Svalgaard-Mansurov effect, an asymmetry in the convection pattern such that a significant westward flow component is introduced into the cusp region (i.e. region 1); this evolves at more poleward latitudes into a more antisunward directed flow. Again, this is consistent with the theoretical flow response described by such authors as Cowley and Lockwood (1992) . The PIFs observed in the region 1 scatter can be explained in terms of the large bursts of azimuthal flow produced in the cusp by FTEs under conditions of a large Y component of IMF.
The evolution from an aziumthal, B Y dominated, flow to a more antisunward directed flow regime at higher latitudes strongly supports the idea that the PMRAFs have migrated poleward from lower latitudes, i.e. from region 1, through that region in which propagation conditions mean that the PMRAFs themselves cannot be observed. It is actually the source-mechanism for the generation of field-aligned irregularities that propagates, rather than the irregularities themselves, as the latter only has a lifetime of the order of seconds (e.g. Tsunoda, 1988) . It can, therefore, be inferred that the PMRAFs originate in the region of high spectral width cusp scatter, where they are accompanied by PIFs. These observations show clearly a reduction in the spectral width, as the PMRAFs move with respect to the cusp and, moreover, in the difference in the velocity fields of the two regions. Again, it should be remembered that some of the spectra on the equatorward edge of the region of PMRAFs contain elements of ground scatter. It is unfortunate that the PMRAFs and their source region are separated, thus masking the evolution of scatter between these two regimes.
Although it is thought that the PMRAFs form in the cusp region in response to transient reconnection, it is not necessarily obvious whether their poleward propagation traces the motion of the footprint of transient reconnection itself or whether PMRAFs instead reveal fossil signatures of FTEs, i.e. signatures which, although generated by FTE activity, persist beyond the interval of active reconnection. Observations presented by McWilliams et al. (2001) suggested that only for the first part of its lifetime in the radar field-of-view, did an HF transient map the footprint of an active reconnection region, moving mainly longitudinally under the magnetic tension force induced by the IMF B Y component and with a phase velocity roughly twice the convection speed. After this, the transient slowed to the convection velocity, moving antisunward with the reconnected field lines. It should be stated that the study of McWilliams et al. (2001) was exceptional in that twodimensional vector observations of the convection pattern were available throughout the ionospheric footprint of an FTE. The authors noticed a reduction in the spectral width of the feature as it propagated, as is also evident in the present observations. It is deemed likely, although this was not stated explicitly by McWilliams et al. (2001) , that the reduction in spectral width reflects the PMRAF leaving the region of active reconnection. This is very much confirmed by the fact that in the region 1 scatter they are accompanied by PIFs and this is not so in the region 2 scatter.
EISCAT VHF observations
The EISCAT VHF observations presented in Sect. 3 reveal, in summary, a series of F-region electron density enhancements propagating poleward from a region characterised by high ion temperature, the latter resulting from ion frictional heating in the presence of large, mainly azimuthal ion flows. Modelling work has suggested that a band of high ion temperatures, enhanced through frictional heating, will form on the low-latitude side of a contracting OCFLB and on the high-latitude side of an expanding boundary (Lockwood and Fuller-Rowell, 1987a, b) ; this is supported by observations by Lockwood et al. (1988) . This supports the idea that the equatorward edge of the region of high ion temperature observed here represents the OCFLB. The large-scale equatorward motion of this region of enhanced flow before 08:30 UT results from the addition of flux to the polar cap on the dayside under the prevailing southward IMF conditions. The reversal in the general sense of motion of this feature after 08:30 UT can be explained by the observation of intense substorm activity around this time on the nightside, as diagnosed principally in magnetometer data from the CANOPUS chain (see Fig. 3 ), leading to a poleward motion of the polar cap boundary, despite the fact that open magnetic flux is still being added to the polar cap on the dayside under continuing conditions of southward IMF.
There is little doubt that formation of the polewardmoving plasma density enhancements is related in some way to this band of enhanced ion temperature; indeed, the ion temperature within this region is pulsed with a period comparable to that observed at higher latitudes in the electron density. It can thus be inferred that the formation region of these density features is near the OCFLB from where they propagate into polar cap. There have been several other reported incoherent scatter radar sightings of F-region plasma density enhancements convecting through the cusp region and into the polar cap. Foster and Doupnik (1984) observed poleward-moving density structures with the Chatanika radar in Alaska, while Lockwood and Carlson (1992) detected their presence with the EISCAT UHF radar system. Recent authors, for example Lockwood et al. (2000 Lockwood et al. ( , 2001 , have documented EISCAT Svalbard radar (ESR) observations of such features. Such plasma density structures fall under the remit of what has been termed "polar cap patches" (e.g. Weber et al., 1984; Sojka et al., 1993; Rodger et al., 1994) , although this term does encompass features with a large range of scale sizes. Although polar patches are a ubiquitous feature of the polar F-region under conditions of southward IMF, the exact physical mechanism by which they are created is the subject of continuing debate (see Lockwood et al., 2001) . What is generally accepted though is that once formed, they can migrate for great distances across the polar cap, preserved by the long lifetime of plasma in the F-region.
The series of discrete poleward-moving density patches observed by Lockwood and Carlson (1992) was interpreted by the authors as resulting from changes in the pattern of flow, associated with transient magnetopause reconnection, modulating the entry into the polar cap of pre-existing solar produced plasma from sub-auroral latitudes. Modelling work documented by Sojka et al. (1993) supports this idea that solar-produced plasma from lower latitudes can become entrained in the high-latitude convection pattern; however, in that case, the authors attributed the fragmentation of the plasma into patches to temporal variations in the Y component of the IMF. Rodger et al. (1994) proposed that the struc- turing of ionisation in polar patches was a consequence of enhanced recombination of plasma in regions of high plasma flow. Although Rodger et al. (1994) deemed that it was changes in IMF B Y that were responsible for the creation of such plasma structuring, such a senario would also be expected in any situation where large flows are generated, and this will include intervals of transient reconnection, especially under the influence of a large B Y . It has also been suggested that the enhanced densities within polar patches can be produced through collisional ionisation, in response to magnetosheath particle precipitation (e.g. Weber et al., 1984; Davis and Lockwood, 1996) . In the work of Davis and Lockwood (1996) , the authors simulated a series of such features in ESR data by imposing episodic precipitation on a model ionosphere, such as would be expected to result from a series of FTEs. Lockwood et al. (2001) have observed recently polar patches associated with enhancements in the fluxes of ions and electrons observed by Cluster in the mantle. During that part of the interval over which patches are observed, the Y component of the IMF remains approximately constant (see Fig. 2 ). This is very much supportive of the discrete nature of the F-region density features being related instead to a series of reconnection pulses. Lockwood et al. (2000) have concluded that all of the above mechanisms contributed in some degree to the formation of the patches presented by the authors. This is likely to be the case in the present observations.
Whatever the specific formation mechanism of these plasma patches, there is little doubt that they originate in the cusp, from where they propagate poleward into the polar cap in the prevailing poleward convection as the fossil remains of transient reconnection. It is this fact, and not the origin of the plasma, that is of paramount importance when the VHF and HF observations are compared in the next section. The upper panel of this figure shows clearly the marked difference between the spectral width of the irregularities within the PMRAFs themselves (of which only the equatorward portion is shown) and the region of broad spectra identified as the cusp, from where they were demonstrated to originate (see Sect. 4.1). The lower panel reveals that the high spectral width scatter observed by the HF radar is colocated with the region of high and variable ion temperatures and thus flows, both of which are consistent with this being the footprint of active reconnection. There are regions of intense frictional heating where there is an absence of scatter, but due to the nature of HF propagation a lack of scatter in a given range gate does not necessarily imply anything about the characteristics of the irregularities therein. It is heartening to find that the region of lower spectral width and, therefore, less turbulent scatter, which lies equatorward of this cusp scatter and has been proposed to correspond to closed field lines, does indeed correspond to a region of more quiescent plasma conditions. Like Fig. 3, Fig. 6 shows the distinct change in the plasma directly poleward of the cusp region. This region of high and variable flows is replaced by a regime of more quiescent conditions but with the presence of the plasma patches. This latter region is unfortunately masked in the HF data by an absence of ionospheric scatter. In order to reveal the relationship between the PMRAFS and prevailing conditions in the ionospheric plasma, the data are presented in the format of Fig. 7 . Figure 7 presents a composite plot of backscattered power from beam 7 of the CUTLASS Finland radar and electron density from beam 1 of the EISCAT VHF radar between 06:45 and 09:00 UT on 23 November 1999. The data are plotted from 69 to 87 • magnetic latitude, with those observations below 77 • being electron density from the incoherent scatter radar and those above, backscattered power from its coherent counterpart. As in the previous figure, only HF observations identified as originating from ionospheric scatter are included. As in Fig. 4 , electron densities below 70.5 • magnetic latitude are derived from the power profile, whereas densities above this latitude are provided by the long pulse scheme.
There is only limited latitudinal overlap between the transients observed in HF and VHF data, with the transients observed by the HF radar lying poleward of those observed by EISCAT. However, as noted previously, it can be inferred that the PMRAFs have migrated poleward, and have, therefore, passed through the region in which the F-region electron density patches are observed by the VHF radar. The reduction in the electron density within the patches as they move to the further ranges is assumed to be an altitude effect rather than indicating the limit of their poleward extent. It is known that the formation of irregularities in the HF backscatter features via the gradient drift requires an electron density gradient. Therefore, it is highly probable that the regions of antisunward-propagating enhanced F-region electron density observed by the EISCAT VHF radar, continue to propagate poleward for many hundreds of kilometres beyond that region which can be probed by the VHF radar and it is the gradients on the trailing edge of these features which create the field-aligned irregularities within the PMRAFs observed by the Finland radar. By viewing the combined EISCAT VHF and CUTLASS Finland HF radar observations in this way, the motion of these patches of enhanced F-region plasma density, which originate in the vicinity of the cusp, can be tracked over a distance of some 1700 km, equivalent to 15 • of latitude. This provides, of course, only a lower limit to their potential lifetime and it is not inconceivable that, given the long recombination times in the polar F-region, the ambient antisunward flow can transport these features well into the nightside.
Summary
EISCAT VHF observations have revealed a series of Fregion electron density enhancements, travelling antisunward through the polar cap, under conditions of a strongly southward IMF. These observations were associated with PMRAFs detected by the CUTLASS Finland HF radar. Such PMRAFs, commonly observed by HF radars near noon, are generally interpreted as the radar signature of flux transfer events. However, the precise physical mechanism for the generation of field-aligned irregularities within such features, and hence, their exact relationship to the particle precipitation and large electric fields which arise in the cusp in response to magnetopause reconnection, is not well determined. This work provides compelling evidence that these poleward-propagating HF backscatter features are most likely formed in electron density gradients produced by structuring of the ionosphere within the cusp region. The PMRAFs become narrow in spectral width as they evolve away from more classical cusp scatter from which they emanate; in the cusp scatter they are accompanied by PIFs. It is concluded that over much of their lifetime, when they are in fact in the polar cap, the PMRAFs trace fossil signatures of transient reconnection rather than revealing the footprint of active reconnection itself.
